Abstract-A knowledge of the air movement around a worker in a low-speed airflow is important in a number of areas: containment testing of fume cupboards; testing of personal dust samplers; testing of LEV effectiveness; and measurement of worker exposure. Measurements of velocity vectors around the upper torsos of manikins and a human in low-speed airflows have been made using a laser Doppler anemometer. Both heated and unheated manikins, as well as a 'breathing' manikin were used. The results show that quite distinctive flow patterns develop with heated and unheated bodies. Comparison of the flows around two-and three-dimensional manikins with that around a human shows that only a three-dimensional heated manikin gives good results. The unheated breathing manikin gave results which were unrepresentative of the real situation. A suitable manikin for use in sampling or testing in low-speed airflows would have a heated, rounded, three-dimensional body of reasonably human dimensions and would be non-breathing and clothed.
INTRODUCTION
One of the main ways in which exposure of workers to airborne contaminants is controlled in industry is by the use of ventilation, either general or local. However systems are usually designed and tested without reference to the worker they are intended to protect. Several authors have shown that the presence of a person or manikin standing in an airflow can have a significant effect on the flow patterns and the way in which a contaminant can be drawn into the breathing zone. Photographs taken by Ljungqvist (1979) during experiments in which a person stood with his back to a uniform flow of 0.20-0.25 m s~' show that the wake formed by the person can cause transport of contaminant into the person's breathing zone. Comparison with photographs of the entrainment into the wake of a disc suggest that this may not be due solely, or even primarily, to blockage effects.
Measurements by Fletcher and Johnson (1989) of tracer gas concentrations in the breathing zones of a manikin and a human seated at a bench on which a local exhaust ventilation hood was placed showed that the presence of the manikin had little effect. However the concentration in the breathing zone of the human operator was much greater especially at small source/operator distances. The air speed induced by the hood at the operator's position would be negligibly small and it was surmised that the transport of pollutant into the breathing zone was more likely to be due to thermal effects than to flow reversal.
In a study of the free convection caused by the metabolic heat of a human, Homma and Yakiyama (1988) showed using i.r. thermography, smoke wire 58 A. E. Johnson et al. photography and hot-wire anemometry, that the body is enveloped in an upward moving air stream. At the face level this thermal boundary layer was approximately 50 mm thick and moved with a velocity of up to 0.25 m s" 1 . It was also found that the expired air did not break through the thermal boundary layer but flowed upwards inside the plume.
A recent paper by Dunnett (1994a) reported the results of a numerical investigation of the flow field around a worker standing close to an exhaust opening. Both laminar and turbulent flow regimes were modelled for an infinitely long elliptical cylinder of aspect ratio 0.5 under isothermal conditions. The simulation predicted that if the cylinder is close to the opening then the flow is steady and a small area of recirculating flow exists in the wake of the cylinder. At greater distances the flow field is unsteady with vortex shedding occurring. In an extension of the work to flow around an elliptical cylinder of finite length, Dunnett (1994b) found the flow in the wake to be dominated by a downward spiralling vortex motion.
A study by Johnson and Fletcher (to be published) includes the effects of manikin and human operator interaction with fume cupboards. This showed that whilst blockage effects were negligible, manikin/body temperatures significantly affected the cupboard's leakage characteristics. The airflow around the upper torso is also important in the testing of personal dust samplers. It is common practice to test such samplers on a life-sized breathing manikin; the results reported here are relevant to the validity of this practice.
This report presents laser Doppler anemometer (LDA) measurements of velocities around unheated and heated manikins in a free stream and compares the results with those made around a breathing manikin and a human.
EXPERIMENTS
Experiments were carried out in a test room 4 m long, 3 m high and 3 m wide. Air entered the room through perforations in one of the 3 x 3 m walls and was extracted through the 1.2 x 1.0 m face of a fume cupboard at the opposite end of the room. The airflow velocity was uniform in the central part of the room where a free stream velocity of approximately 0.2 m s~' was found; this was the area in which the measurements were made.
The majority of previously published measurements of airflows around manikins and humans have been made using hot-wire anemometers. This method has a number of inherent disadvantages: measurements at low air speeds are sensitive to flow direction with single component probes whilst multi-component probes may introduce unacceptable disturbances to the flow field; calibration for low air speeds is difficult and not very accurate; the presence of the heated wires can produce its own heated plume and bias low-speed calibrations; the probes are intrusive. These difficulties can be overcome by the use of an LDA. Such a system using a twocomponent fibre optic probe mounted on a computer-controlled traversing mechanism was used to make the measurements reported here, the data in this case being presented as vector plots of velocity components. The air in the room was seeded with an aerosol of 10% glycol in water and each channel of the LDA took 2000 measurements at each location over a period of about 30 s. Three types of Air movement in a low-speed flow field 59 manikin were used in the tests: a two-dimensional, a three-dimensional and a breathing 'shop window' type manikin. The two-dimensional manikin consisted of an electrically heated mat sandwiched between two profiled aluminium plates and supported on a stand. The manikin, 1.73 m in height with a chest width of 0.4 m, was fitted with a lab coat. The temperature was regulated using a thermostatic controller and was monitored using a temperature sensor fitted on the centre-line of the torso. The three-dimensional manikin, made from sheet steel, consisted of a torso of elliptical cross-section (459 x 30 mm axes) surmounted by a cylindrical 'head' and was also 1.73 m in height. A heating coil and small electric fan were mounted internally in the sealed head-torso cavity and a thermostatic controller regulated the temperature. The third manikin was an unheated full-sized male torso and head 'shop window' type. The head was modified to allow inhalation through the mouth and exhalation through the nose by coupling it to a simple piston-driven, sinusoidal 'breathing machine' operating at 20 respirations per min, each with a tidal volume of 1 1. The shape of the mouth was roughly elliptical with dimensions of 28 and 7 mm, and each nostril had a cross-sectional area of 70 mm 2 . In each case the manikin was fitted with a lab coat and its temperature measured on the torso centre-line. The human subject was male, 1.68 m tall with a 97 cm chest and wore a lab coat throughout the experiments. In the case of the heated manikins the temperature measurement was that of the manikin surface whilst for the unheated manikin and the human, measurements were also taken on the outside of the lab coat.
MEASUREMENTS
The manikin or person was positioned centrally in the room either facing directly into or away from the flow. The velocity components were measured in the plane through the centre of the body. The traversing system was programmed to make measurements over a pre-determined grid in this plane.
Flow around the two-dimensional manikin
Measurements were made both upstream and downstream of the plate. Figure 1 shows the results obtained with the unheated manikin. Upstream the flow can be seen to decelerate as it approaches the plate except in the region of the 'head' where the flow is deflected over it. In the wake of the manikin, a stagnation region extends some 500 mm. Here the flow velocities are very low and the vector directions are not well defined. With the plate surface heated to a temperature of 37°C the flow again decelerates as it approaches the plate up to a distance of about 40 mm (see Fig. 2 ). At this distance the effect of the thermal boundary layer can be seen and at a distance of about 20 mm a strong airflow up the plate is evident. The same effect can be seen in the wake where the depth of the thermal boundary layer increases with height. At 200-500 mm from the plate the movement is again weak and ill defined. It is clear from the flow patterns observed that a contaminant released 300-400 mm below the level of the breathing zone would not be carried into it by the flow induced by the blockage of the two-dimensional body but by the thermal flow patterns. 
Flow in the wake of the three-dimensional manikin
All the following measurements were made only in the wake of the body which is the area of interest with a worker at an inlet to an LEV system. Although the velocity vectors in the wake of the unheated elliptical manikin and close to the body were small and very variable in direction, the flow became much more orderly with increasing distance from the body than had been the case with the flat plate manikin [cf. Figs 1 and 3(a) ]. The more rounded contours of the three-dimensional manikin reduced the size of the stagnation zone and aided in the re-establishment of the flow field. However, from these measurements, it would seem unlikely that a contaminant would be carried up the body towards the breathing zone. With the manikin heated to 37°C, Fig. 3(b) shows that a strong thermal current moved up the body as was the case with the two-dimensional manikin. At the mid-height of the 'head' the velocity at 20 mm from its was approximately 0.23 m s" 1 which is comparable with the values measured by Homma and Yakiyama (1988) on a human subject.
Flow in the wake of the 'shop window' manikin
With the non-breathing manikin a large stagnation region extending some 300 mm from the body was formed [see Fig. 4(a) ]. With the manikin breathing [ Fig. 4(b) ] the stagnation zone was severely disrupted by the exhaled air as the expanding jet moved down the body; inhalation seemed to have a negligible effect. The velocity of the exhaled jet was however excessive (owing to the restricted internal passages in the nose) and flow visualization showed the jet to travel to a much greater distance than was found with a human subject.
Flow in the wake of a human
The flows measured in the wake of the human closely resemble those found with the heated elliptical cylinder [cf. Figs 5 and 3(b) ]. Comparable manikin and human temperature were 37 and 33°C, respectively. Although the same breathing pattern to that of the manikin was adopted, Fig. 5 shows no evidence of downward flow due to exhalation through the nose. This supports the finding of Homma and Yakiyama (1988) that the expired air did not break through the thermal boundary layer and the 
DISCUSSION
Measurements of the velocity field around a two-dimensional unheated manikin show that a large stagnation region exists in its wake but this would not cause the movement of a pollutant into the breathing zone from a lower level. By heating the manikin a thermal boundary layer is produced. A layer moving upward with a velocity of the order of 0.2 m s" 1 forms on each side of the body. This effect is most marked in the wake but even there the slow haphazard movement still occurs in the region away from the body. Measured flow around a human showed little similarity with those around the two-dimensional manikin; the only area of similarity was the thermal layer which in both cases had a velocity of about 0.2 m s~'. However a comparison of the flow fields around the heated three-dimensional manikin and the human shows great similarity both in the thermal layer and further afield. Measurements on the breathing manikin highlight the difficulty of realistically modelling the breathing process and even question the necessity for it. These findings are supported by the work of Johnson and Fletcher (to be published) on fume cupboard containment testing, namely that whilst blockage effects were negligible, manikin/body temperatures significantly affected the cupboard's leakage characteristics. The findings also show the need for a heated source in the mathematical modelling of these flows.
For the use of a manikin in situations where a low-speed airflow around the body is an important factor, a number of features should be considered:
(i) thermal effects dominate the near-body airflow field; (ii) breathing effects are confined to the thermal boundary layer and do not influence the general flow field; (iii) although blockage by the body is not the dominant factor in causing recirculation into the breathing zone, a manikin should be three-dimensional in form with rounded contours representative of the human body. The suitable manikin for use in sampling or testing in low-speed airflows would therefore be a heated, rounded, non-breathing, three-dimensional body of reasonably human dimensions and be clothed.
